Introduction: functional importance of epigenome integrity {#S1}
==========================================================

The diversity of cell types in multicellular organisms is established during development through fine-tuned cell differentiation processes, consisting in the activation and repression of specific transcription programs ([@R158]). Differential gene expression thus contributes to defining specialized functions and identities in cells sharing the same genome. It relies on epigenetic modifications acquired during development and stably inherited through cell divisions.

The epigenome, which supports such heritable changes in gene expression, consists in genome packaging into chromatin in the cell nucleus, where DNA is wrapped around histone proteins to form nucleosomes ([@R93]; [@R106]). DNA methylation ([@R155]), histone post-translational modifications ([@R20]) and the existence of histone variants that differ in their protein sequences ([@R112]) confer variability at the nucleosome level. Variations in nucleosome positioning, non-histone chromatin components, and higher-order chromatin folding further contribute to chromatin plasticity ([@R100]). Chromatin can thus be viewed as a multifaceted signal integration platform that responds to intracellular and environmental cues by dynamic changes in epigenetic marks ([@R17]).

While epigenome plasticity is a key feature underpinning cell differentiation, epigenome maintenance is critical for the robustness of phenotypic traits, which is of fundamental importance not only during embryonic development but also for adult tissue homeostasis. Accordingly, failure to maintain epigenome integrity can have deleterious consequences for the organism, resulting in aging and disease ([@R194]).

However, DNA metabolic activities, such as transcription, replication and repair, trigger dramatic chromatin alterations and thus pose a major challenge to epigenome maintenance. Among them, DNA damage repair is unique in the sense that it is generally non-programmed, DNA damage occurring anywhere in the genome at any time, and also versatile, owing to the variety of DNA lesions ([@R34]; [@R72]; [@R79]). Here, we focus on chromatin dynamics during the repair response in the mammalian cell nucleus. We review recent progress in delineating by which mechanisms and to which extent epigenome integrity is affected and restored after DNA damage, underlying cell fate maintenance.

DNA damage challenges epigenome integrity {#S2}
=========================================

DNA damage poses a serious threat to cell viability by compromising both genome and epigenome integrity. Indeed, the DNA damage response (DDR) is accompanied by significant alterations of chromatin structure, affecting intrinsic chromatin components and epigenetic marks, with major implications for epigenome functions.

Chromatin rearrangements in response to DNA damage {#S3}
--------------------------------------------------

A large number of studies, based on biochemical and imaging approaches in several eukaryotic cell systems, highlight the marked rearrangements of damaged chromatin ([Figure 1A](#F1){ref-type="fig"}). In particular, chromatin decondensation, accompanied by a loss of density of core and linker histones, has been reported in human cells exposed to local UVC irradiation ([@R108]) or to laser micro-irradiation-induced DNA breaks ([@R94]; [@R166]; [@R173]), in a Poly(ADP)Ribose Polymerase (PARP)-dependent manner. Moreover, there is accumulating evidence for nucleosome loss from the damaged region, increase in core histone extractability, and even histone eviction from damaged chromatin, with partial or complete nucleosome disruption (reviewed in [@R2]; [@R18]; [@R145]). Epigenome perturbations after DNA damage culminate with the degradation of chromatin components, as described for acetylated histones in yeast and mouse cells exposed to alkylating damage or Ionizing Radiation (IR) ([@R137]).

Likely candidates for promoting histone mobility in response to DNA damage are chromatin remodeling factors, which use the energy of ATP hydrolysis to slide, exchange and/or evict histone proteins from chromatin ([@R21]). Indeed, all major families of remodelers are recruited to damaged chromatin and contribute to DNA damage repair (reviewed in [@R14]; [@R96]; [@R157]). Furthermore, remodelers can have a direct effect on chromatin compaction and histone mobilization at sites of DNA damage, as recently shown for the human remodeling factor Chromodomain Helicase DNA binding protein 2 (CHD2) in response to DNA Double-Strand Breaks (DSBs) ([@R107]). In parallel, and independently of ATP hydrolysis, histone chaperones ([@R61]) contribute to histone dynamics in damaged chromatin. This is exemplified at DSBs induced by the site-specific endonuclease I-PpoI in human cells, where the Nucleolin and Anti-Silencing Function 1 (ASF1) chaperones promote nucleosome disassembly by evicting outer and inner core histones, respectively ([@R53]). It is important to stress that, while the alteration of chromatin organization is a general response to DNA damage, different types of DNA lesions likely involve distinct chromatin rearrangements and underlying mechanisms.

Non-histone chromatin components also undergo dynamic changes upon DDR activation in mammalian cells, with the accumulation of silencing factors like Heterochromatin Protein 1 (HP1), Polycomb Group proteins, histone deacetylases, histone methyltransferases and DNA MethylTransferases (DNMTs) at sites of DNA damage, accompanied by chromatin modifications including DNA methylation and repressive histone marks ([@R9]; [@R42]; [@R54]; [@R63]; [@R126]; [@R170]; [@R185]).

More generally, a plethora of damage-induced post-translational modifications, affecting histone proteins and chromatin-associated components, have been identified (reviewed in [@R39]). Among them, phosphorylation, acetylation, ubiquitylation and PARylation are the best studied, a prominent example being the evolutionarily conserved phosphorylation of a carboxy-terminal Serine in the H2AX variant - so-called γH2AX - which plays a pivotal role in response to DSBs (reviewed in [@R156]). Proteomic screens have been instrumental for identifying the multiple targets of post-translational modifications occurring in response to UV, IR, oxidative and alkylation damage in human cells ([@R47]; [@R84]; [@R111]; [@R135]). However, much remains to be learned about the specific, and possibly combinatorial roles of chromatin modifications after a genotoxic stress challenge, especially when considering that several of these modifications are not necessarily unique to the DDR.

Spatio-temporal regulation of chromatin alterations {#S4}
---------------------------------------------------

Chromatin alterations in response to DNA damage undergo a tight spatio-temporal regulation that only begins to be unraveled. Indeed, several recent studies in human cells have shown that transient compaction follows chromatin relaxation at sites of DNA breaks ([@R16]; [@R24]; [@R89]; [@R173]), which could be driven by the antagonistic activities of chromatin remodeling complexes as proposed for CHD3 and Imitation Switch (ISWI) in response to heterochromatic DSBs ([@R92]). The temporal dynamics of chromatin changes following DNA damage further emphasizes the fluid nature of chromatin organization during repair. Rearrangements of damaged chromatin are also regulated during the cell cycle: a complete disruption of nucleosomes has been observed around DSBs in asynchronous human cells, with a loss of all core histones, while nucleosomes are only partially disrupted in G1-arrested cells ([@R53]). This disparity likely reflects the predominance of distinct DSB repair pathways in different cell cycle stages, Non-Homologous End-Joining (NHEJ) being the preferred repair pathway in G1, while Homologous Recombination (HR) predominates in S/G2 ([@R27]).

In addition, chromatin dynamics in response to DNA damage are spatially regulated. Indeed, it has been shown in human cells that chromatin is more accessible at laser damage sites and more compact in adjacent regions ([@R71]). This observation emphasizes that changes in chromatin organization are not restricted to the damaged area. Genome-wide rearrangements of the epigenetic landscape also take place during the DDR, such as global reprogramming of H3K27ac upon UV irradiation in mammalian cells, which underlies expression changes of critical genes during the stress response ([@R152]). Similarly UV irradiation triggers genome-wide hyperacetylation on H3 and H4 in budding yeast ([@R193]). Further highlighting that the response to DNA damage is integrated in the nuclear space, an increased mobility of chromatin surrounding DSBs has been reported in yeast ([@R45]; [@R115]), for heterochromatic breaks in Drosophila ([@R147]) and for damaged or uncapped telomeres in mammalian cells ([@R29]; [@R32]; [@R41]) in a microtubule-dependent manner ([@R103]).

Functional relevance of chromatin alterations {#S5}
---------------------------------------------

The above-described changes in chromatin organization after DNA damage have important functional consequences on DNA damage signaling and repair. As proposed several decades ago in the Access-Repair-Restore (ARR) model ([@R133]; [@R167]), transient disruption of chromatin organization is thought to facilitate access of the repair machinery to damaged DNA. Recent work in human cells supports this hypothesis by showing that CHD2 remodeling activity promotes chromatin expansion at DSBs and the recruitment of NHEJ factors ([@R107]). Furthermore, damage-induced histone modifications, including γH2AX, H2AK15 ubiquitination, and H4K20 methylation, are critical for DNA damage signaling and repair progression as they provide a structural basis for the coordinated recruitment of DDR effectors through the binding of histone readers ([Figure 2](#F2){ref-type="fig"}; reviewed in [@R39]; [@R165]). Noteworthy, such modifications are not restricted to core histones as linker histone ubiquitylation was recently identified as a key player in DNA damage signaling in response to IR in human cells ([@R178]). The prominent role of histone modifications in this process highlights the importance of the balance between histone modifying enzymes - writers and erasers - in fine-tuning the DDR. Histone dynamics also contribute to regulating repair pathway choice and repair efficiency, as reported for H2A.Z whose dynamic exchange at DSBs in human cells appears to control DNA end resection, DSB repair by HR and NHEJ ([@R10]; [@R62]; [@R190]). Similarly, the dynamics of silencing factors like HP1 and the co-repressor KRAB-Associated Protein 1 (KAP1) are of major importance as their sustained retention on chromatin impairs DSB repair by HR ([@R87]).

While one can appreciate the functional relevance of chromatin opening and dynamics in the DDR, it was not straightforward to understand the role of chromatin compaction that precedes its relaxation and was also observed at the periphery of damaged areas. Recent studies have demonstrated that transient chromatin condensation is actually necessary and sufficient for stimulating DNA damage signaling in human cells ([@R24]). It is also conceivable that local chromatin compaction can facilitate the ligation of broken DNA ends by keeping them in close proximity. Finally, the recruitment of silencing factors and the establishment of repressive histone marks on damaged chromatin can participate in silencing transcription at sites of DNA damage, thus avoiding deleterious interference between transcription and repair machineries ([@R33]; [@R55]; [@R85]; [@R183]).

Restoration of epigenome integrity after DNA damage {#S6}
===================================================

New histone deposition {#S7}
----------------------

In order to preserve cell identity and function, epigenome integrity must be restored after DNA damage repair. A salient feature of this restoration step is the deposition of newly synthesized histones into damaged chromatin, as first characterized in response to local UVC damage in human cells ([Figure 1A](#F1){ref-type="fig"}). Transient transfection of cells with epitope-tagged histones indeed revealed the *de novo* incorporation of the H3.1 histone variant and of the outer core histone H2A at sites of local UVC irradiation ([@R43]; [@R134]). Combination of local UVC damage with specific tracking of newly synthesized histones using the SNAP-tag technology ([@R3]) then established that the histone variant H3.3, but not the centromeric H3 variant Centromeric Protein A (CENPA), was also deposited *de novo* in damaged chromatin ([@R4]). Notably, both high-frequency point mutations and transcription repression of genes encoding H3.3 have been uncovered in several human cancers, particularly in brain tumors ([@R52]; [@R86]). It will be interesting to investigate whether these alterations impact epigenome restoration after DNA damage, thus contributing to tumorigenesis. More generally, how cancer-associated chromatin alterations ([@R194]) may affect DNA repair and the resetting of epigenetic marks during repair deserves to be explored.

Among the molecular players in repair-coupled chromatin assembly, histone chaperones play pivotal roles in the restoration of chromatin integrity after DNA damage by promoting new histone deposition. In particular, the histone chaperone Chromatin Assembly Factor-1 (CAF-1) escorts H3.1 in human cells ([@R176]) and stimulates its *de novo* incorporation into UVC-damaged chromatin in a manner coupled to repair synthesis ([@R134]). *In vitro* experiments, revealing the direct interaction and functional synergy between the human chaperones CAF-1 and ASF1 during UVC damage repair, raise the possibility that ASF1 could also be involved in new histone deposition upon cell exposure to damaging agents, potentially as a histone donor for CAF-1 ([@R114]). Furthermore, the recent identification of CAF-1 as a chaperone for the H3.2 histone variant ([@R97]) suggests an even wider role for CAF-1 in depositing newly synthesized H3 variants during UV-damaged chromatin restoration. Contrary to CAF-1-mediated H3.1 deposition that is coupled to late repair steps, newly synthesized H3.3 histones are deposited early after damage by the H3.3-specific chaperone Histone Regulator A (HIRA), which is recruited to UVC-damaged chromatin in response to Cullin4-dependent ubiquitylation events occurring upon damage detection ([@R4]). Intriguingly, HIRA is also required for the deposition of new H3.1, thus revealing a possible crosstalk between H3 variant deposition pathways at repair sites. Finally, the histone chaperone Facilitates Chromatin Transcription (FACT) presumably stimulates new H2A deposition in damaged chromatin because it is responsible for the accelerated turnover of H2A at sites of UVC irradiation ([@R43]). Notably, FACT-mediated H2A exchange and HIRA-dependent H3.3 incorporation at damaged sites are shared mechanisms between UVC damage and DSB responses in human cells ([@R69]; [@R192]). Furthermore, the budding yeast orthologs of CAF-1 and HIRA likely contribute to chromatin restoration also at meiotic DSBs ([@R23]).

Moreover, there is now compelling evidence for an important role of ATP-dependent chromatin remodelers at damage sites (reviewed in [@R96]; [@R165]). Current evidence suggests that chromatin remodelers function mostly in providing access to chromatin and regulating repair. These remodelers may also assist histone chaperones and/or directly participate in new histone deposition coupled to repair, as observed during transcription. For example, p400, CHD1 and CHD2 deposit H3.3 in transcriptionally active chromatin regions in mammalian cells ([@R67]; [@R136]; [@R163]). Interestingly, the CHD2 remodeler was recently shown to promote new H3.3 accumulation at sites of laser micro-irradiation-induced damage in human cells ([@R107]). One can also hypothesize that chromatin remodelers may help restoring nucleosome positioning/spacing after damage.

Beyond the restoration of chromatin structure by new histone deposition, histone chaperones also contribute to the re-establishment of a transcriptional program after UVC damage, as shown for HIRA ([@R4]) and FACT in human cells ([@R43]). Besides histone chaperones, the histone modifying enzyme DOT1-Like H3K79 methyltransferase (DOT1L) is also required for transcription recovery after UVC damage in mouse cells ([@R129]). However, the molecular bases for how histone dynamics mediated by these chromatin-associated factors contribute to transcription restart are still under investigation. Interestingly, the significant delay observed between HIRA release from damaged chromatin and transcription restart opens up the possibility that new H3.3 histones deposited by HIRA in damaged chromatin could act as a bookmark, licensing chromatin for transcription restart once repair is complete ([@R4]).

The deposition of new histones at damaged sites also raises the fundamental question of the contribution of parental histones to chromatin restoration after repair. Since parental histones are present in chromatin before damage and carry the original epigenetic information, it will be important to investigate whether they are replaced by newly synthesized histones during chromatin repair and to which extent they participate in the maintenance of epigenome integrity after damage.

DNA and histone modifications {#S8}
-----------------------------

While deciphering the contribution of histone dynamics to restoring chromatin integrity is in progress, how the parental histone and DNA modifications are maintained in response to damage is still uncharacterized. The recruitment of the maintenance DNA (Cytosine-5-)-Methyltransferase 1 (DNMT1) to repair sites upon UVA laser micro-irradiation ([@R119]), oxidative damage ([@R128]) and site-specific DSBs in human cells ([@R127]) suggests that, like during DNA replication, DNMT1 may contribute to methylating newly synthesized DNA at repair sites. Another key epigenetic regulator of DNA methylation, Ubiquitin-like with PHD and Ring Finger domains 1 (UHRF1), which maintains cytosine methylation and facilitates DNMT1 accumulation, is recruited to DNA inter-strand crosslinks and DSBs in human cells ([@R101]; [@R179]; [@R196]). Although no evidence for UHRF1 involvement in DNA methylation maintenance at repair sites has been provided so far, UHRF1 interacts with repair factors and regulates lesion processing.

Even less is known about the maintenance of histone modifications at sites of DNA damage repair. Since histone Post-Translational Modifications (PTMs) are key epigenetic marks in the control of gene expression and are challenged by DNA damage, it is important that DNA damage-induced changes in histone PTMs are erased and original PTMs are re-established. However, whether and by which mechanisms this actually occurs is still an open question. Moreover, the fact that newly synthesized histones deposited into chromatin during repair come with their own set of modifications ([@R104]) further complicates the maintenance of the original histone PTM landscape. Future work will determine if parental histone marks are transferred to newly deposited histones after repair.

Altogether, this illustrates the lack of mechanistic insights into how DNA and histone modifications are preserved after DNA damage, a question that has been approached in the context of DNA replication.

Lessons from chromatin replication {#S9}
==================================

During the duplication of the genetic material in S phase of the cell cycle, chromatin undergoes dramatic alterations (reviewed in [@R6]; [@R11]; [@R140]), which bear striking similarity with chromatin rearrangements that occur during DNA damage repair ([Figure 1](#F1){ref-type="fig"}).

Parallel between epigenome maintenance during replication and repair {#S10}
--------------------------------------------------------------------

Similar to the transient chromatin rearrangements observed at sites of DNA damage, DNA replication leads first to the disruption of pre-existing nucleosomes ahead of the replication fork. Parental histones then symmetrically segregate between the leading and lagging DNA strands, and contribute to nucleosome reassembly downstream of the replication fork together with newly synthesized histones. New histones are deposited onto replicating DNA by a replication-coupled nucleosome assembly process (reviewed in [@R6]; [@R140]), which resembles the repair synthesis-coupled deposition of new histones after damage. Noteworthy, the coupling between chromatin assembly and DNA replication also applies to lagging strand synthesis as new histone deposition is required for the termination of Okazaki fragments in budding yeast ([@R168]). However, while the replication process results into a semi-conservative mode of inheritance at the genome and epigenome levels with a two-fold dilution of parental histones ([@R7]), the relative contributions of parental and new histones to the composition of repaired chromatin are still to be determined. Furthermore, in contrast to the massive synthesis of canonical replicative histone variants that occurs in S phase and provides the necessary supply for new histone deposition at the replication fork ([@R109]), there is no evidence for an induction of histone synthesis in response to DNA damage. Canonical histone synthesis is even inhibited due to DNA damage checkpoint activation, as described in human cells exposed to IR ([@R174]). Despite these discrepancies, epigenome maintenance during replication and repair have much in a common. Studying chromatin duplication can thus give interesting insights into how chromatin integrity is preserved in response to DNA damage.

Shared molecular players: focus on histone chaperones {#S11}
-----------------------------------------------------

Chromatin dynamics during replication and repair share several molecular players ([Figure 1](#F1){ref-type="fig"}), in particular histone chaperones and chromatin remodelers. Indeed, as it is the case at repair sites, the histone chaperone CAF-1 deposits new H3.1 at replication foci in human cells ([@R141]; [@R169]). Furthermore, the direct interaction of CAF-1 with the polymerase sliding clamp Proliferating Cell Nuclear Antigen (PCNA) ensures proper coordination between new histone deposition and DNA synthesis both at replication ([@R160]) and repair sites ([@R117]). Similarly, the interaction of the histone chaperone ASF1 with the replicative helicase subunit MCM2 (MiniChromosome Maintenance 2) through a H3-H4 histone bridge likely coordinates replication fork progression with parental histone transfer in human cells ([@R59]; [@R77]; [@R142]; [@R186]). Interestingly, human ASF1 participates in parental H3-H4 histone eviction at I-PpoI cut sites ([@R53]). It is thus tempting to speculate that this chaperone could play a central role in parental histone recycling in response to DNA damage, as proposed at the replication fork. In addition, human ASF1 functions as a histone buffer upon replication fork stalling, chaperoning H3-H4 histones within a multi-chaperone complex also containing the histone chaperone Nuclear Autoantigenic Sperm Protein (NASP) ([@R60]). NASP protects soluble H3-H4 from degradation ([@R36]), hence making it a good candidate for chaperoning evicted histones in response to DNA damage. Importantly, the replicative helicase MiniChromosome Maintenance (MCM) associates with several histone chaperones in addition to ASF1. The human histone chaperone Tonsoku Like-MMS22 Like (TONSL-MMS22L) bound to MCM5 is thought to have a role in replication-coupled histone eviction ([@R26]). Since TONSL localizes to UV damage sites in human cells ([@R70]) and promotes HR of replication-associated DSBs ([@R46]; [@R124]; [@R125]), it is tempting to speculate that this chaperone could stimulate histone dynamics in damaged chromatin. The histone chaperone FACT also forms a complex with MCM and histones in yeast and human cells ([@R49]; [@R177]). Considering that FACT disrupts nucleosome structure by competing with DNA for binding H2A-H2B ([@R73]; [@R88]), this chaperone could initiate nucleosome disassembly at the replication fork. Notably, even though the literature does not report a direct role for FACT in nucleosome disassembly at repair sites, FACT promotes chromatin exchange of the damage-responsive histone variant H2AX ([@R69]) and H2A turnover at sites of UVC irradiation human cells ([@R43]).

Inheritance of histone marks {#S12}
----------------------------

Beyond histone dynamics promoted by histone chaperones, the inheritance of histone marks at the replication fork is another critical aspect of epigenome maintenance that has stimulated intense research. Differential labeling of old and new histones combined with immunodetection or quantitative proteomics of histone PTMs has been instrumental for monitoring epigenome inheritance at the replication fork (reviewed in [@R11]; [@R76]). A recent study in human cells thus demonstrates that parental histones are recycled with their PTMs at replication forks and that all parental PTMs are restored within one cell cycle ([@R7]). This is achieved by the modification of new histones with parental marks, except for H3K9 and K27 trimethylation marks, which require continuous modification of both parental and new histones. It contrasts with the situation in *Drosophila* embryos where parental histone methylation marks are erased during replication and re-established through the stable association of histone methyltransferases with replicating chromatin ([@R132]). While these studies shed light on how histone PTMs are propagated during replication, further work is needed to characterize the inheritance of histone marks after DNA damage repair. Isolation of nascent chromatin at repair sites, employing similar experimental strategies as those developed for replication forks ([@R8]) or pulling down specifically UVC-damaged chromatin ([@R195]) could be useful tools to explore this issue. Likewise, the induction of transient site-specific DSBs combined with histone mark profiling ([@R15]; [@R110]) appears to be a powerful technique to follow changes in histone modifications during DNA damage repair. To approach this issue, it could also be interesting to focus on chromatin domains characterized by a specific set of histone marks like heterochromatin ([@R148]).

Duplication of higher-order chromatin structures {#S13}
------------------------------------------------

How heterochromatin affects DNA damage repair has been the focus of intense research in recent years (detailed below). Reciprocally, it will be important to investigate how higher-order chromatin structures are altered during the DDR and re-established after repair. It is reasonable to assume that similar mechanisms could support higher-order chromatin dynamics during repair and replication. In this respect, the interaction of the histone chaperone CAF-1 with the heterochromatin protein HP1 is critical for the duplication of pericentric heterochromatin domains in mouse cells ([@R138]; [@R139]). The HP1-CAF-1 tandem also associates with the histone methyltransferase SET Domain, Bifurcated 1 (SETDB1), which imposes H3K9me1 for subsequent trimethylation in mouse pericentric regions ([@R105]), and with Methyl-CpG Binding Domain Protein 1 (MBD1), which couples replication of methylated DNA with maintenance of the H3K9me3 heterochromatic mark in human cells ([@R151]). Given that HP1, SETDB1 and CAF-1 are involved in chromatin dynamics in response to DNA damage, it will be worthwhile investigating how they contribute to maintain heterochromatin integrity.

Future work will determine if the mechanisms and molecular players highlighted in the above studies focused on DNA replication also underlie epigenome maintenance during DNA damage repair.

Coordinated maintenance of genome and epigenome integrity in response to DNA damage {#S14}
===================================================================================

Safeguarding both genetic and epigenetic information after damage entails orchestrating chromatin dynamics with the DDR to ensure timely and efficient repair. Recent studies indeed put forward genome and epigenome maintenance as an integrated process, supported by direct molecular interactions of DDR factors with chromatin modifiers and histone modifications ([Figure 2](#F2){ref-type="fig"}).

In particular, histone modifications resulting from the activity of DNA damage checkpoint proteins are integral components of the DNA damage signaling cascade (reviewed in [@R165]). Another critical step, early on in the DDR, is the coordination between DNA damage detection and chromatin dynamics, which is thought to facilitate access to downstream repair factors. This is exemplified with the histone chaperone Nucleolin that is rapidly recruited to DSBs via its interaction with the RAD50 subunit of the DSB recognition complex MRE11-RAD50-NBS1 (MRN), thereby mediating nucleosome disruption and the recruitment of downstream repair factors at I-PpoI cut sites in mammalian cells ([@R53]). Nucleosome destabilization at DSBs is also promoted by the ATPase p400 and the acetyltransferase Tip60 ([@R190]; [@R191]). Notably, Tip60 is targeted to DSBs by the MRN complex ([@R175]) and p400 recruitment requires the checkpoint protein Mediator of DNA damage Checkpoint 1 (MDC1) ([@R191]), thus providing additional molecular bases for coordinating damage detection and signaling with histone dynamics.

Similarly, during the UVC damage response, new histone deposition by HIRA is linked to damage detection by the human UV-Damaged DNA Binding complex (UV-DDB) ([@R4]). Later on during repair synthesis, the polymerase sliding clamp PCNA acts as a molecular anchor for the CAF-1 histone chaperone ([@R117]; [@R134]). PCNA is also thought to coordinate completion of mismatch repair with CAF-1-mediated nucleosome assembly ([@R153]). Contrary to CAF-1 and HIRA, the recruitment of the histone chaperone FACT to damaged chromatin has not been directly connected to DNA damage repair, and the mechanisms underlying FACT recruitment to UVC damage sites and IR-induced foci remain to be elucidated ([@R43]; [@R130]). Like histone chaperones, chromatin remodelers also have direct connections to damage signaling and repair machineries, as exemplified by the human SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 5 (SMARCA5), which interacts with the damage signaling factor Ring Finger protein 168 (RNF168) in a PARP-dependent manner, stimulating RNF168 accumulation at DSBs and downstream signaling events ([@R166]). The SMARCA5-associated subunit ATP-utilizing chromatin assembly and remodeling factor 1 (ACF1) directly interacts with the NHEJ factor Ku70 and promotes Ku accumulation at DSBs ([@R95]). SMARCA5 also associates - directly or indirectly - with the early repair factor Cockayne Syndrome B protein (CSB) and stimulates CSB recruitment to UVC-damaged chromatin ([@R13]).

Similar to damage-induced histone dynamics and chromatin remodeling, the maintenance of DNA methylation is likely to be directly coupled to DNA damage signaling and repair. Indeed, recent studies in human cells report that the maintenance DNA methyltransferase DNMT1 is recruited to DSBs via PCNA and the checkpoint factors Chk1 and 9-1-1 ([@R64]), and via mismatch repair proteins to sites of oxidative damage ([@R44]).

Interestingly, the coupling between chromatin dynamics and the DDR also provides a means to coordinate damaged chromatin disruption and reassembly, as both are connected to repair. To validate this hypothesis, it will be useful to examine the possible crosstalks between parental and newly synthesized histone dynamics at damage sites.

Furthermore, the coupling between genome and epigenome maintenance after damage actually goes both ways, with chromatin restoration having a feedback effect on DNA damage repair and genome stability in some instances. Although new H3.1 and H3.3 deposition in UVC-damaged chromatin are dispensable for UVC damage repair in human cells ([@R4]; [@R134]), H3.3 is important for maintaining genome stability in mouse embryonic fibroblasts ([@R81]) and for replication fork progression in response to UV damage in chicken cells ([@R51]). Furthermore, HIRA-mediated histone replacement contributes to protect DNA from damage during mouse oogenesis ([@R122]), arguing that histone dynamics can also be crucial for the maintenance of genome integrity.

In addition to the direct coupling between chromatin dynamics and the DDR, which takes place during DNA damage repair, epigenome maintenance may also rely on chromatin maturation events after completion of DNA repair, similar to those that occur after DNA replication ([Figure 1](#F1){ref-type="fig"}). It will be of major interest to further investigate the stepwise restoration of chromatin after damage to determine when and by which mechanisms the original epigenetic information is fully re-established (in terms of histone modification, histone variant and DNA methylation patterns, nucleosome spacing). In particular, how repair completion and termination of checkpoint signaling are coordinated with the erasure of DNA damage-induced histone modifications remains to be elucidated. Ultimately, understanding the coordination between DNA damage repair and the re-establishment of higher-order chromatin structures and nuclear domains would complete our view of epigenome maintenance in response to DNA damage.

Impact of nuclear organization on genome maintenance in response to DNA damage {#S15}
==============================================================================

One of the most fundamental properties of the eukaryotic cell nucleus is the non-random organization of the genome within the tridimensional space of the nucleus, where chromosomes occupy discrete territories and which determines long-range chromatin interactions ([@R40]; [@R159]). Nuclear organization plays a critical role not only in the regulation of gene expression, but also in the maintenance of genome stability ([@R116]).

Role of chromosome territories in the biogenesis of chromosomal translocations {#S16}
------------------------------------------------------------------------------

The spatial proximity of genomic regions located in neighboring chromosome territories is a major determinant in the frequency of chromosomal translocations ([Figure 3A](#F3){ref-type="fig"}). Indeed, genomic regions whose nuclear territories are proximal or overlapping recombine more efficiently than spatially distant sequences both in yeast and mammals ([@R5]; [@R146]; [@R171]). In mammalian cells, this can be explained by the relative positional stability of broken chromosomes ([@R171]), although the mobility of broken ends, observed mostly in other systems, can contribute to homology search ([@R45]). The idea that spatial proximity can guide illegitimate joining of DSBs genome-wide is supported by several studies focusing on the genesis of recurrent translocations that drive tumor development in mouse lymphoid cells ([@R30]; [@R65]; [@R91]; [@R144]; [@R197]). It is also in lymphoid cells that the molecular features defining recurrent chromosome breakpoints were originally unraveled: chromatin loops and H3K4me3 focus and stimulate the V(D)J endonuclease, and also potentially the class-switch recombinase, leading to the programmed recombination of antigen receptor genes ([@R75]; [@R161]; [@R172]). Chromosomal translocations arise from defects during these programmed genome rearrangements. A recent study in human hematopoietic cells further strengthens the prominent role of the local chromatin environment and of histone modifications - H3K4 methylation in particular - in predisposing chromosome regions to breakage and translocations ([@R25]). Interestingly, H3K4me3 also specifies meiotic recombination hotspots in yeast and mammals by promoting the recruitment of the meiotic nuclease complex (reviewed in [@R22]). Altogether, these studies put forward chromosome positioning and epigenetic marks as key determinants in shaping chromosomal recombination and translocation patterns.

Nuclear compartmentalization governs DSB repair pathway choice {#S17}
--------------------------------------------------------------

In addition to chromosome territories, the eukaryotic cell nucleus contains a variety of functionally distinct compartments and chromatin domains, which can direct DNA repair, particularly DSB repair pathway choice ([Figure 3B](#F3){ref-type="fig"}). Targeting DSBs to distinct nuclear compartments in human cells was instrumental for demonstrating the effect of the subnuclear localization of the damage on favoring different repair mechanisms ([@R98]). While DSBs located in the nuclear interior and at nuclear pores can be repaired both by HR and NHEJ, the presence of compact heterochromatin associated with the lamina at the inner nuclear membrane delays DNA damage signaling and impairs HR ([@R98]). Furthermore, DSBs within lamina-associated domains do not migrate to HR-permissive compartments but are repaired *in situ* by NHEJ or Alternative End Joining (A-EJ). By contrast, heterochromatic breaks in *Drosophila* move to the nuclear periphery to complete HR ([@R147]). Interestingly, DSB repair compartmentalization at the nuclear periphery is conserved in yeast: persistent breaks migrate to the nuclear periphery where their anchoring with nuclear pores or with the nuclear envelope determines different repair outcomes, error-prone repair or error-free HR, respectively ([@R74]). Furthermore, in a given chromatin domain, pre-existing histone modifications also contribute to dictate DSB repair pathway choice, as demonstrated for H3K36me3 that, in mammalian cells, enhances repair by HR, while the dimethylation of the same residue stimulates NHEJ (reviewed in [@R35]). Noteworthy, H3K36me3 also positively influences mismatch repair in human cells ([@R99]). Thus, DNA damage repair is tightly integrated within nuclear architecture as it operates in response to a specific nuclear localization in a defined chromatin environment.

Heterochromatin domains: barriers to repair {#S18}
-------------------------------------------

Among chromatin domains in the eukaryotic cell nucleus, highly condensed and poorly transcribed heterochromatin ([@R148]) has a major impact on genome stability. Indeed, heterochromatin high compaction levels present a barrier to DNA damage repair ([Figure 3C](#F3){ref-type="fig"}), suggesting that cells need to use specific mechanisms for accessing damage within heterochromatin. Slower repair kinetics have been observed for IR-induced damage associated with pericentromeric heterochromatin in mouse cells ([@R58]) and for UVC damage in H3K9me3-enriched chromatin in human fibroblasts ([@R66]). Other studies, both in yeast and mammalian systems, found that heterochromatin damaged by IR, radiomimetic drugs or endonuclease cut was devoid of γH2AX ([@R37]; [@R90]), thus suggesting that heterochromatin domains are refractory to DNA damage signaling and repair. Indeed, the DDR is impaired in human perinuclear heterochromatin as described above ([@R98]). In line with this, higher point mutation rates have been observed in heterochromatin in human cancers ([@R154]). Interestingly, heterochromatin constraints on the DDR are relieved by replication ([@R37]) and also by transcription, as shown in the context of Nucleotide Excision Repair (NER) of UV damage ([@R198]). Strikingly, even though compact heterochromatin appears refractory to the DDR, it has been shown that dynamic compaction of chromatin is required for the activation of DNA damage signaling ([@R24]). In fact, early DDR steps efficiently operate in heterochromatin and only late steps are inhibited, as observed in Drosophila cells exposed to IR ([@R31]). Late steps of DNA damage signaling and repair occur at the periphery of heterochromatin domains, after heterochromatin expansion and extrusion of repair foci. The dynamic relocalization of repair centers to the periphery of heterochromatin domains, observed both in Drosophila and mammalian cells ([@R31]; [@R80]), is thought to play a critical role in preventing ectopic recombination between heterochromatic repeats. Importantly, there are substantial differences in heterochromatin organization between model organisms, which may underlie mechanistic discrepancies in the repair of heterochromatic damage. As observed for late repair steps, DNA replication is also confined to the periphery of pericentric heterochromatin domains in mouse cells ([@R139]), suggesting a common mechanism for repair and replication of these heterochromatin regions. Similarly, in nucleoli, DSBs are relocalized from the nucleolar interior to anchoring points at the periphery, where ribosomal DNA becomes accessible to repair factors, as reported both in yeast and mammalian cells ([@R68]; [@R180]; [@R184]) ([Figure 3B](#F3){ref-type="fig"}). These data illustrate how different chromatin contexts, characterized by the presence of repeated sequences, impose similar constraints limiting unscheduled DNA repair.

While nuclear organization, through chromosome territories, chromatin domains and nuclear compartments, has a major impact on genome stability, how it affects epigenome maintenance after damage is still elusive. Targeting DNA damage to specific chromatin domains and nuclear territories, via site-specific endonucleases or laser micro-irradiation techniques, will be critical for addressing this question. Further studies will also be needed to assess whether nuclear organization, and in particular the presence of compact heterochromatin domains, poses boundaries to chromatin restoration after damage.

Epigenome integrity vs. plasticity after DNA damage {#S19}
===================================================

As described in the previous sections, we have increasing knowledge of the epigenetic alterations that take place in damaged chromatin and of the molecular players involved in these chromatin rearrangements. However, whether the epigenome is faithfully restored after DNA damage repair is still a matter of debate. A repaired state strictly identical to the original one would ensure the maintenance of epigenome integrity; alternatively the epigenetic landscape could be reshaped in response to DNA damage, owing to the inherent plasticity of epigenetic information, which is reversible in nature. A damage scar with altered epigenetic marks could then persist on chromatin. As such, chromatin repair can be seen as a window of opportunity for modulating epigenetic information and shaping gene expression in response to genotoxic stress ([Figure 4](#F4){ref-type="fig"}).

Damage scar on chromatin {#S20}
------------------------

Changes in DNA methylation, histone variants, histone PTMs and even histone density at damage sites can all contribute to leave a mark of DNA damage repair on chromatin. Indeed, the base excision repair machinery is involved in erasing DNA methylation in several eukaryotic systems ([@R188]), while DSB repair by HR stably alters the DNA methylation pattern and gene expression at recombination sites in HeLa cells ([@R118]). In addition to DNA methylation, modification of histone patterns can also participate in marking sites of DNA damage. The *de novo* histone deposition taking place at UV damage sites in human cells ([@R4]; [@R43]; [@R134]) raised the question of whether it changes the histone variant and PTM landscape. Since new histone marks differ from the parental ones ([@R104]), it is likely that new histone deposition at least transiently affects histone PTMs at damage sites. Importantly, PTM changes associated with genome instability can have a profound and long-lasting impact on transcription profiles as shown in chicken cells, where replication defects generate epigenetic instability by uncoupling DNA synthesis from parental histone recycling. The failure to recycle pre-existing histone marks results in alterations in gene expression ([@R131]; [@R149]; [@R150]). Finally, the local accumulation of histones observed after repair at laser micro-irradiation sites in human U2OS cells ([@R173]) suggests that changes in histone density could also be part of the damage scar on chromatin.

In contrast to the different types of DNA lesions that form in response to various sources of genotoxic stress, such chromatin scar could constitute a common epigenetic signature of DNA damage. Future challenges will include determining whether the observed epigenetic changes are transient or long-term, if they occur in a pathological context - contributing to aging or tumorigenesis - or in a programmed manner, and how relevant they are to the cellular response to DNA damage.

Functional relevance of epigenome plasticity after DNA damage {#S21}
-------------------------------------------------------------

Regarding the significance of epigenome plasticity after DNA damage, several hypotheses could be raised, based on recent studies. On one hand, the persistence of a damage scar on chromatin could potentially serve as a 'damage memory' mark, facilitating the response to a second genotoxic stress insult, analogous to immune memory. Note that the persistence of the damage scar may depend on the repair pathway engaged, the transcriptional activity of the damaged region and/or the cell type affected. On the other hand, recent work in *Drosophila* highlights the importance of new histone deposition for the maintenance of stem cell identity. Indeed, during asymmetric division of *Drosophila* male germline stem cells, chromatin containing newly synthesized histones is segregated to differentiating cells, while parental histones are retained in the stem cells ([@R181]). This relies on differential phosphorylation of parental and new H3 ([@R189]). One could hypothesize that a similar mechanism may operate upon DNA damage in mammalian cells. New histone deposition coupled to repair would ensure that only undamaged information is kept in stem cells, thus preserving stem cell molecular properties. Another possible function of a persistent damage scar on chromatin could relate to cell reprogramming. Indeed, efficient reprogramming relies on chromatin alterations ([@R12]) and also requires DNA damage repair activities in mammalian cells, such as the HR pathway ([@R57]) and the NER complex containing Xeroderma Pigmentosum, complementation group C (XPC) ([@R50]). In line with this, histone variants and chaperones involved in chromatin dynamics in response to DNA damage also play a major role in development, reprogramming and in regulating cell pluripotency ([@R48]; [@R164]). In particular, the histone chaperone HIRA and the H3.3 histone variant have been implicated both in cell reprogramming and transcription plasticity in *Xenopus*, mouse and human systems ([@R19]; [@R83]; [@R102]; [@R113]; [@R123]; [@R187]). The histone chaperone ASF1 is also required for the maintenance of pluripotency and human cell reprogramming ([@R56]). In contrast, the histone chaperone CAF-1 has been characterized as a negative regulator of reprogramming in mouse cells ([@R28]; [@R78]; [@R121]) and was shown to promote cell differentiation during neurodevelopment in the nematode ([@R121]). Future work will determine if a persistent damage scar on chromatin indeed contributes to local or global reprogramming of transcription in response to genotoxic stress, with possible consequences on cell identity.

Conclusions & Future challenges {#S22}
===============================

In recent years, it has become increasingly clear that safeguarding genome function entails reshaping chromatin. The coordinated maintenance of genome and epigenome integrity in response to DNA damage is supported by direct molecular interactions between DDR factors and chromatin modifiers. Recent studies also emphasize a critical interplay between genome maintenance pathways and the topological organization of the genome in the cell nucleus. Studying the maintenance of chromatin integrity after DNA damage thus appears as a multifaceted research field, at the crossroads of epigenetics, genome stability and nuclear organization.

Nevertheless, much remains to be learned about how the epigenetic landscape is altered and in which form it is ultimately re-established during the course of DNA damage repair. Furthermore, while the impact of nuclear organization on genome maintenance is clearly established, it will be important to understand how DNA damage repair affects chromatin nuclear domains and genome topology. Combining genotoxic stress with Hi-C techniques for genome-wide analysis of chromatin interactions, now applicable at the single-cell level ([@R120]; [@R143]), could be extremely valuable to address this issue. In addition, the cross-talks between damaged chromatin dynamics and transcriptional activity ([@R1]), but also with post-transcriptional events such as splicing regulation ([@R182]) and the importance of non-coding RNAs in the DDR ([@R38]) are emerging topics that will surely shape future research in the field. Another remarkable feature that has become increasingly recognized is the strong influence of cell metabolism on both epigenetic marks and the DDR ([@R82]; [@R162]), which could provide mechanistic insights into how damaged chromatin plasticity is regulated. *In fine*, in depth understanding of the cellular mechanisms underlying epigenome maintenance in response to genotoxic stress could open up new strategies for modulating damaged chromatin dynamics and driving phenotypic changes with therapeutic benefit.
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![Epigenome maintenance in mammalian cells: parallel between replication and repair.\
DNA repair **(A)** and replication **(B)** involve similar chromatin dynamics with shared histone chaperones (yellow) promoting the mobilization of parental histones (red) and the deposition of newly synthesized histones (green). For simplicity, shared chromatin remodeling complexes are not represented. Both at the replication fork and at UV damage repair sites, new H3.1 deposition by CAF-1 is coupled to DNA synthesis while new H3.3 histones are deposited by HIRA independently of DNA synthesis. The histone chaperone FACT also promotes histone dynamics in response to UVC damage while ASF1 and Nucleolin are involved in the response to DSBs. Subsequent chromatin maturation involves erasure of naive histone marks (green), transmission of parental histone marks (red) to newly synthesized histones, and maintenance of DNA methylation (black). Although such processes have been described at the replication fork, related mechanisms at repair sites are still to be characterized. Repair and replication factors are represented in blue.](emss-73040-f001){#F1}

![Coordination between genome and epigenome maintenance in response to DNA damage.\
The coordinated maintenance of genome integrity and epigenome stability along the repair process in mammalian cells is supported by direct molecular interactions of DDR factors (blue) with histone modifications (P: phosphorylation; Ub: ubiquitination; Me: methylation), histone chaperones (yellow) and the DNA methylation machinery (black). DNA damage signaling factors: ATM: Ataxia Telangiectasia Mutated; MDC1: Mediator of DNA damage Checkpoint 1; RNF: RING Finger protein; MMSET: Multiple Myeloma SET domain; 53BP1: TP53 Binding Protein 1.](emss-73040-f002){#F2}

![Impact of nuclear organization on genome maintenance in response to DNA damage in mammalian cells\
(**A**) The spatial proximity of chromosome territories in the mammalian cell nucleus determines partner selection in chromosome translocations. Chromosome breakpoints (blue stars) are characterized by an enrichment in the transcription-associated histone mark H3K4me3, which facilitates DSB formation.\
(**B**) Nuclear position of DSBs (blue stars) dictates repair pathway choice. NHEJ: non-homologous end-joing, A-EJ: alternative end joining, HR: homologous recombination. DSBs located in actively transcribed genes are targeted to HR repair via the transcription elongation--associated histone mark H3K36me3.\
(**C**) Highly compact heterochromatin domains pose a barrier to repair of DNA damage (blue star). HR: homologous recombination, NER: nucleotide excision repair.](emss-73040-f003){#F3}

![Epigenome integrity vs. plasticity in response to DNA damage in mammalian cells\
DNA damage (blue star) elicits substantial chromatin rearrangements, with a loss of parental information (red) due to the mobilization of pre-existing histones, and the incorporation of new information with histone variant exchange and deposition of newly synthesized histones (green), DNA damage-responsive PTMs (blue) and DNA methylation (black). For simplicity, factors escorting and mobilizing histones and modifying enzymes for histones and DNA are not represented. Future challenges in the field will be to determine whether or not the pre-existing chromatin landscape is ultimately faithfully restored after genotoxic stress, thus allowing the maintenance of epigenome integrity. Alternatively, the persistence of a damage scar on chromatin (dotted line box) could contribute to damage memory, maintenance of stem cell identity or reprogramming.](emss-73040-f004){#F4}
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